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Abstract
Polymers have been used in Additive Manufacturing (AM) by many industries for rapid
prototyping. Parts created using polymer AM however are known to be relatively expensive thus
limiting them to small volume production and making them inapplicable for mass production,
while their inherent porous and anisotropic properties make them mechanically inferior to parts
made using traditional methods such as injection molding. As projects demand more efficient
designs, and at the same time ask for more complex features, AM, combined with other
manufacturing processes, like Ultrasonic Wire embedding, can streamline and consolidate
assemblies. In the realm of composite and multifunctional assemblies, the layer–by-layer
construction of AM parts allows components to be embedded within assemblies simplifying
them and making them compact; thus, overcoming design constraints, and reducing weight and
space in aeronautical and aerospace applications. Wire embedding, in particular, allows parts to
not only be structural but also utilizes the substrates material properties to insulate wiring away
from the environment while also retaining the wire and allowing the integration of bulkheads.
Inserting wires however can be a challenge as they must be placed securely, accurately, and
below the top layer so as not to interfere with subsequent layers atop them. The tool developed in
this research makes use of ultrasonic energy to deform the channel around the wire and ensure
consistent attachment. The system developed here makes use of a specially designed ultrasonic
horn and mounting system to lay wire within polymer surfaces. The tool integrated into our
mulit-3d system which allows parts to be removed form a Stratasys Fortus 400mc printer, placed
a CNC on which the ultrasonic wire embedder is mounted, and redeposited in the printer after
embedding so that printing can be finished, completely encapsulating the wire and any
components placed within the part.
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Chapter 1
Introduction
1.1

Background
Additive manufacturing (AM), often referred to as 3D printing, is used to describe a

process in which a part is constructed by depositing material in a layer-by-layer fashion based on
data interpreted from a computer aided design file (CAD). AM stands out from traditional
casting and machining processes in that it creates less waste, requires less tooling and setup, and
produces parts with complex features and internal geometries that are not possible through other
traditional methods. Within the realm of AM, there are multiple unique methods of production
that all use a myriad of different materials ranging from the hardest of metals, such as tungsten,
to the softest of plastics like thermoplastic polyurethane. This paper revolves specifically around
the uses of Material Extrusion (ME) and the production of plastic parts. In ME, a polymer
already extruded into a long wire is fed into a heated nozzle where it is softened into a semi
liquid state and then precisely deposited on a flat build platform to build individual layers of a
part. Each layer self-hardens in the environment of the build plate and the subsequent layer is
then built atop it. The part’s geometry and placement are optimized for each case to fit within the
build envelope, limit defects, shorten print time, and consider the asymptotic nature parts will
always have when produced using the ME process.
Since the resurgence of AM in recent years, many improvements have been made to ward
off previous frustrations associated with the processes. As a result, AM has expanded into
multiple industries and been applied to several projects, mostly as a method of rapid prototyping,
but more recently as a means for complex final parts that cannot be constructed by any other
means. By themselves, AM parts have limited functionality and can only fulfil a limited number
1

of applications due to their lower strength compared to solid injection model parts and
subsequent limitations in production numbers due to the steep cost curve. But when combined
with other technologies, the range of suitable applications opens greatly especially in the
aerospace and aeronautical industry where often low numbers of custom-tailored parts are
needed for specialized applications. Work previously done by Espalin et al. (2014) at the W.M.
Keck Center for 3D Innovation at the University of Texas at El Paso demonstrated the
possibilities of multi-functionality in 3D printed parts and methods to implement electrical
components into polymer substrates. The introduction of wiring and components such as
bulkheads or sensors means that assemblies can be compacted and serve multiple roles while
also incorporating the advantages in rapid prototyping offered by AM allowing designs to be
modified throughout the process. Small adjustments from one design to the next that would
ordinarily cost weeks and thousands of dollars to rework a production line can be bypassed by at
any point at the press of a few buttons.
This work demonstrates methods for implementing copper wires for component connections in
multifunctional parts. While embedding copper wire into the substrate does come with
challenges, the merits of copper outweigh both inks and filaments. The high resistivity of
conductive filaments and short lifespan of conductive inks severely limits the number of
applications in which parts fabricated using these methods can be used. Though difficult to
accurately place and conceal, a solid copper wire is inexpensive, readily available, and has a
higher conductivity; all traits that that will lead to more reliable and longer lasting parts.
This research is focused on overcoming the issues previously found with the
implementation of solid copper wires into AM parts and creating tooling alongside a
manufacturing process to expedite the manufacturing of unique multifunctional parts. In this
2

multilayered process, the print is interrupted at a predetermined layer so that components can be
embedded into preprinted channels using ultrasonic energy. The deformation of these channels
by the ultrasonic energy securely holds the wires in place below the highest layer so they do not
interfere with the print when it is resumed. Since this system is separate from the FDM printer
itself, our multi 3D system is used to transfer the printed part to the wire embedding station and
then back so the print can be resumed in order to encapsulate the wires and components within
the substrate (Coronel, 2015). The Multi3D System includes two Stratasys Fortus 400mc FDM
machines, a CNC router on which the ultrasonic horn is mounted with a variety of other tools,
and a Yaskawa robotic arm that is used to transfer the build plate between machines. This
complex system is what makes it possible to construct these multifunctional and multi composite
parts. The ultrasonic system is made up of 3 main components that were all selected and
modified for this application. The ultrasonic horn was modified to be integrated with the wire
feeding system. Both are mounted to a custom chassis that was designed in house to
accommodate a load cell to measure the forces being applied. The wire feeding system was
developed based on previous experiences and literature review from similar mechanisms.

3

1.2

Motivation
Engineers and scientists are not only the people who ask “Why?” They are the ones who

cannot rest until they solve the problem. As technology evolves, the problems engineers and
scientists must solve have only become more complex. In many cases, assemblies and designs
have become cumbersome as design and manufacturer engineers must accommodate far too
many criteria, forcing them to make compromises in design or available features.
The consolidation of assemblies into single parts and ease of redesign and specialization
offered by advanced manufacturing methods leads to more efficient systems, faster
manufacturing, and weight savings which are vital because every ounce counts in aeronautical
and aerospace engineering applications. Ultrasonic embedding is just one of many methods
paving the way towards significant strides in the development and improvement of future
manufacturing methods. Advanced manufacturing methods lead to more efficient systems and
manufacturing processes. Even more important to the aeronautical and aerospace engineering
applications is ultrasonic embedding’s potential to make significant weight savings through the
consolidation of assemblies into single parts.
The use of ultrasonic embedding in composite multifunctional parts is one of the building
blocks the W.M. Keck center is developing in its goal of completely automated manufacturing of
electromechanical assemblies. Now more than ever, there is an emphasis in industry on
consolidating designs and expediting the design process. The rapid prototyping offered by AM
when combined with other processes, such as pick and placement systems and laser soldering,
can lead to products that can be designed and build on a case-by-case basis. Perfecting the
ultrasonic embedding process is a bridge that must be crossed before all these processes can be
combined into one machine to even further the capabilities of these process. The W.M. Keck
4

center is developing a machine to utilize all of these processes, such a machine is expensive, and
the smaller systems such as ultrasonic embedding must be reliable before they can be
implemented as any future changes to the system will become costly and time consuming. With
all these processes in one machine, one small team of engineers in one room could design,
prototype, and build a finalized part. This turnaround time could be unprecedented and dwarf
other manufacturing methods in speed and ultimately in costs as well as it is perfected.

1.3

Thesis Objectives
The objectives this thesis will address throughout include the following:
1. Design and manufacture a tool capable of embedding wire into polymer surfaces
2. Experimentally investigate the effects of ultrasonic energy on polymer parts.
3. Demonstrate the use of the ultrasonic embedding tool by embedding wire to make
connections between components on a polymer surface
4. Discuss the future uses and improvements that can be made to the ultrasonic
embedding tool

5

1.4

Thesis Outline
This thesis is meant to give the reader an overview and understanding of the experiments

and testing that lead to the final design of an ultrasonic wire embedding tool, demonstrate the
capabilities of the final design, and show the next steps in advanced manufacturing: the actual
implementation in a 3D printer. The literature review in chapter 2 will contextualize the origins
and research previously performed around the concept of ultrasonic wire embedding. This
review includes previous iterations of the tool itself at the W.M. Keck center. Past applications in
which wire embedding was used will be explored as well as future applications that could be
completed using the full system for which this tool is destined. Chapter 3 will outline the
different projects and experiments completed at the W.M. Keck Center in which early iterations
of the embedding tool was involved which ultimately informed the final design. Chapter 4 will
detail the design itself and the reasoning behind each of the main components. Experiments
aimed at categorizing the performance of the tool and the settings it can be used in will be
outlined in chapter 5 with the unpacking and investigating of said results being in chapter 6. The
final part, chapter 7, will highlight the findings of this research and show some demonstration
parts made in conjunction with other tools destined for use in the same systems.

6

Chapter 2
Literature Review
2.1

Introduction
Additive Manufacturing (AM) generally refers to the production of a part where material

is added or bonded together in a layer-by-layer process. The dimensions of the part are taken
directly from a three-dimensional computer aided design (CAD) data and thus allows many steps
of the typical manufacturing process to be skipped, thus requiring less resources and giving
projects much shorter lead times. Though AM parts do come with some drawbacks, this layer-tolayer construction leads to poorer mechanical properties when compared to traditionally
machined or injection molded parts and this limits the number of feasible end-use applications
for AM parts in structural applications. This research focused on expanding the possible
applications of AM parts by implementing internal wiring with an automated process. The
development of this system required a review of systems for similar applications. This review
included work done on previous projects at the W.M. Keck Center where ultrasonic wire
embedding was utilized, and other methods of connection used by other researchers.

2.2

End-Use Applications
The AM resurgence has made multiple industries rethink the way they protype parts,

sustain operations where traditional manufacturing is not available, and completely changed the
way parts are designed. AM has simplified the design process so that anyone can create a design
and protypes -though often used merely for novelty in home applications. The AM process has
become a staple tool in reducing the time to market which is critical for the success and
profitability of next generation products (Arnal et al., 2015).

7

The manufacturing process has several points of no return and the closer to the
manufacturing deadline, the less iterative the process becomes. AM can be utilized to produce
parts closer and closer to the manufacturing deadlines as designs can be modified throughout the
process, but as time has gone on there has been an interest in skipping the costly and timeconsuming step of up scaled manufacturing and making final parts by means of AM. Enhanced
3D printing is intended for the manufacturing of end-use parts and thus offers unit-level
customization with in-house manufacturing. This flexibility makes it possible to create end-use
parts for extremely specific applications on an order-by-order basis with almost no drawbacks
(Arnal et al., 2015). In their AM Implementation Plan from 2017, The US Navy outlined a plan
to use AM techniques to support personnel and vehicles in difficult to reach locations by means
of end-use parts. AM offers the US Navy the ability to reduce the number of spare parts and
equipment required to sustain operations while also mitigating the logistical issues of getting
parts to vehicles at sea or having to call back entire ships for small repairs. The Air Force Rapid
Sustainment Office (RSO) held a competition in 2020 called the Advanced Manufacturing
Olympics aimed at producing and characterizing end-use parts straight from an AM system with
no post-processing modifications (Air Force Materiel Command Public Affairs, 2020). The goal
of these projects is not just faster prototyping but the ability to rapidly produce a finished product
within a short development time and maintaining a manufacturing system not specifically
tailored to one individual design.
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2.3

Electronic Implementation
The goals of AM are faster prototyping, rapid production of finished products within a

short development time and maintaining a manufacturing system that compresses all the
manufacturing stages: design, prototype, and manufacturing. The fabrication freedom offered by
AM techniques, such as material extrusion (ME) has recently been explored in the context of 3D
electronics integration – referred to as 3D structural electronics or 3D printed electronics by
many research institutions, labs, and large industrial corporations. Electronics encased in AM
parts save space, can be securely fastened, and are electrostatically isolated form other working
components; however, reaching and interconnecting these pieces leads to many design
considerations and engineering issues.
Air Force Research Labs (AFRL) expressed interest in producing modular satellites
utilizing the AM process and embedded electronics with the intent of expediting the
manufacturing of highly specialized and complex satellites for specific applications that
previously required constant retooling and caused the manufacturing design process to exceed
budgets (Lyke, 2012). An AM modular satellite design was made using AM parts as a proof of
concept and a means to demonstrate such a manufacturing system that could be utilized for
virtually all parts of one single system.
After embedding electronics, the next step in producing multi-functional AM parts is
establishing reliable transmission of power and signals. The Mulit-3D system is one of very few
systems that offer the ability to embed electronics within AM parts, so means for signal and
power transmission within AM parts have not been explored very deeply (Coronel, 2015). Here
we will explore 4 materials (thermoplastics, inks, pastes, and wires) used for making connections
between electrical components. The Gada Prize from 2010 specifically aimed at furthering the
9

development of such methods with one of the criteria being the ability to produce a conductive
trace in an AM setting (Berchon, 2012). Each of these 4 materials have been explored as
proposed solutions to the problem of making power and signal connections, each has the ir own
unique advantages and disadvantages. The application of each material is somewhat similar; they
each require modifications to a given AM system, usually a second extruder or tool to deposit the
given material. Copper wire embedding and conductive thermoplastics are both ready for use
directly after printing while most conductive pastes and inks require additional processing during
the printing process or post-printing before being usable (Flowers et al., 2017). The growing
interest in the realm of multifunctional AM end-use parts requires the development of reliable,
automated, and specialized systems for the manufacturing these concepts; ultimately bringing
these applications into reality.

2.4

Materials for Electrical Transmission
Conductive thermoplastics are by far the easiest to apply as a second extruder is usually

present on many 3D printers for use with a support material, and modification to the print paths
can also be implemented fairly easily with most slicing software. Conductive thermoplastics are
generally made by blending a plastic matrix with conductive particles, often carbon based, until
the matrix is saturated so that current can travel across the suspended particles (Pham et al.,
2008; Eatemadi et al., 2014). These mixtures have been made as proprietary solutions but there
are commercially available products like the Electrifi Conductive Filament which comes with
guidelines for print parameters making the material very easy to use. The advantage of
conductive thermoplastics is its cost effectiveness as it is much cheaper to produce, requires no
post-processing, and can be implemented into a wide variety of existing printers. The salient
downside in using this material is the inherent resistivity within the substrate which creates
10

issues in signal and power transmission. To maintain a relatively low viscosity and thermoplastic
nature, the amount of conductive material in the solution must remain below a specific threshold
meaning that even in the best circumstances there will be gaps of varying size within the
substrate leading to a low conductivity. Electrifi Conductive Filament has a very high resistivity
at 16667 (mΩ/cm) and when using higher frequency signals, the resistivity increases at an
exponential rate (Flowers et al., 2017). The inherent resistivity can be used to create printed
electronic components such as resistors and capacitors, but not to create a working electronic
circuit by itself (Flowers et al., 2017).
The use of conductive inks has the least in common with the deposition and structure of
the other material processes in terms of their application. Conductive inks can be made using
metals, graphene or carbon nanotubes as the conductor, and each of these materials have
different conductivities based on a wide variety of factors like the sintering method and the
number of layers being used. For example, two conductive inks from Dycotec have much
different conductivities, DM-SIJ-3200 at15 (µΩ/cm) and DM-SIP-3067S at 66 (µΩ/cm). Though
material for the main conductor differs, the application and behavior of the ink after curing stays
largely consistent. Complex systems akin to a 2d laser printer will release droplets in a precise
manner which are then cured either through heat or photo curing. Trace quality is largely
dependent on the ink density, viscosity, surface tension, and the size of the droplets making this
process the most complex of all the methods (Truby & Lewis, 2016). These printheads offers the
ability for the traces themselves to be very precise, but the liquid form of conductive inks also
limits the AM systems they can be utilized in. Vat photo polymerization (VPP) is the most used
system for ink applications as it has a degree of accuracy that can utilize the precision of
conductive inks to their fullest potential and wards off the possibility of electrical shorts between
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traces as VPP parts have a much higher density than those made using material extrusion
(Shemelya et al., 2015). To use conductive inks with other AM processes like ME, much smaller
layer heights and raster widths must be used, and a time-consuming secondary machining
process is required to utilize the print heads accuracy (Espalin et al., 2014). Conductive inks are
also often used in similar applications for their accuracy and for an easy addition to pre-printed
parts, but these inks show poor conductivity due to an increase of the contact resistance between
metallic particles by insulated PA and they often degrade rapidly under high current and voltage
loads making them unsuitable for long term applications (Lyke, 2012).
Conductive pastes are similar to conductive inks in that they are inserted during the print
process in between regular raster's but only after the entire plain has been finished with channels
to guide them. Extrusion of pastes is somewhat difficult due to the curing of the pastes itself. A
separate extruder is required for their deposition usually consisting of a sealed chamber for the
mixture and a nozzle or syringe. Rate of extrusion is controlled by either air pressure, a
mechanically operated plunger, or an auger system. These systems can be cumbersome and also
require complete disassembly for cleaning or replacement of consumable parts (Perez &
Williams, 2014; Costakis et al., 2016; Li et al., 2017). Some pastes such as Dupont CB028 thickfilm paste consist of silver flakes in a polymer matrix and, like all conductive pastes, must
undergo a curing process to evaporate solvents and shrink the polymer matrix and pull the flakes
into contact (Arnal et al., 2015). This curing and induced contraction gives pastes, like Dupont
CB028, a much higher conductivity when compared to thermoplastics at 21 (µΩ /cm) and the
polymer-based substrate makes them much more stable than conductive inks. Another drawback
of pastes is that they must be mixed for each individual part because they begin immediately
curing once mixed and have a limited usage time. An additional drawback is that after curing, the
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pieces shrink considerably which makes them prone to cracking and if they are incased within an
AM part, there will be no way to repair any cracks that could interrupt electrical continuity or
cause massive increases in resistivity. The fragility of conductive pastes is also a huge concern in
applications like satellites assemblies where the stresses and vibrations induced during a rocket
launch could easily cause cracking throughout conductive paste traces.
Conductive copper wire as a material is the simplest but there are different ways to
approach embedding the material into a substrate that come with quite different perks and
drawbacks. The first challenge with this method is feeding the wire, typically fed using a set of
motors up to a point and then cut to length before the trace is finished being laid. When
designing this component, it is difficult to make such that the cutter and feeder can smoothly
transition through multiple orifices without jamming. The second challenge is anchoring the wire
to the substrate itself. A sperate tool mounted within the printer is required in the methods listed
here, meaning extensive modification to a given AM system may be required. Methods for
anchoring the wire have been explored using thermal and mechanical energy, ultrasonic energy,
press-fit mechanical force, or heated extruders with dual inner passages to feed the wire into a
melted polymer flow in order to lay them down together on a finished part (Aguilera et al., 2013;
Espalin et al., 2014; Atkins et al., 2019; Bayless et al., 2010). Thermal and ultrasonic energy rely
on the deformation of the substrate to hold the wire in place making them a destructive method
of placement that can only be attempted a few times on one single part and the dual extrusion
method of wire embedding means construction of the part itself is the one and only attempt. The
press fit method relies on sufficient tolerancing for a proper anchoring point meaning it is limited
explicitly to the accuracy of the printer and the geometries it can produce. Another difficulty
with wire embedding is the wire diameter as the entire spool must be changed out if another
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gauge of wire is needed and the complexity of the system these tools are implemented with only
make changing wire gauge more difficult. In spite of these difficulties, the advantages of copper
wire versus the previously mentioned materials are apparent. Copper wire has the highest
conductivity of 0.0596 (µΩ/cm) with virtually no resistivity when compared to conductive
thermoplastics and it does not degrade over time like conductive inks. Copper wire is well suited
for a wide variety of applications including those that may see massive shifts in their thermal
environment, deformation under load, or intensive vibration without the risk of cracking like
conductive pastes. The variety of application made the choice of copper wire embedding
standout as it is already well suited for a multitude of applications and industries, many of which
have expressed interest already in a such a system with specific designs in mind.

2.5

Connecting Traces
A problem for solid wire traces and conductive inks is interlayer connectivity.

Conductive pastes and thermoplastics can simply be laid atop another layer to create a
connection between two layers or be printed in a staircase fashion to bridge planes multiple
layers apart. Inks and solid wires require bridge points such as press-fit eyelets or physical
connectors which both require a separate process with unique tooling. Since material extrusion
parts are built in one direction, on a layer-by-layer basis, wires and conductive inks are limited to
connections within their given layer without external processes. In projects done at the W.M.
Keck Center for 3D Innovation, there has been methods developed to place conductive inks
perpendicular to other traces by rotating a part as it is made but this cannot be done internally as
the part is being constructed (Espalin et al., 2014). The problem of connecting embedded wires
between planes has been addressed by using press fit eyelets that can create a mechanical
connection between planes for the use of integrated PCBs that use pins and traces to make
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connections. The insertion of these press fit eyelets are usually done manually during a print
pause but could be automated in the future. The number of layers the eyelets can cross is not
limited in distance or direction, but eyelets are limited in that they can only be a straight line.
Integration of these PCBs comes with its own challenge as material must be deposited atop the
PCBs so their distance to the next layer is crucial and only a small number of layers can be
crossed by this method. The use of a 5-axis printer has been proposed as a solution for the issue
of cross layer interconnectivity because a part could be designed and constructed in an order that
would allow for the wire to essentially move in any direction that the part could be built up in.
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Chapter 3
Exploratory Work
3.1

Wire Embedding Tests
The challenge of wire placement within a substrate has been addressed in many ways

and, like all new technologies, it has issues that arise during development that must later be
addressed. Worked cited in the literature review shows ultrasonic energy as a means to deliver
energy and embed wire by deforming the substrate. This method showed promising results but
was relatively unreliable in its former state and had a tendency for the wire to break or wander
during embedding while also occasionally causing serious damage to the part itself by melting
the surface.
After trials with the first iterations of ultrasonic wire embedding, we consolidated the tool
to reassess the methods for wire embedding and placement without ultrasonic energy. Preprinted
and machined channels were compared to the method of embedding on a flat surface as they both
were intended to increase the accuracy of the process, require less energy, and reduce
deformation of the surface. With ultrasonic energy often moving the surface beyond its glass

Embedded Copper Wire

Figure 1: Dog bones inside Fortus 400mc(left), CAD representation (right)
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transition temperature, there was a tendency for the wire to wander during the process and the
wire had to be mechanically driven into the surface causing irregularities. The absence of this
mechanical and thermal embedding method caused concern for the strength of these bonds as
previous work in applications for cube satellite projects mandated that the parts should be able to
survive the forces and vibrations associated with a rocket launch.
Concern for the secureness of the wire mandated testing the strength of the bonds in each
method. Tensile tests were then conducted by embedding wire into half dog bones (see Figure 1)
and leaving a roughly 10 inches of free wire. The sample was then placed in the tensile tester
with the wire attached to one end and the dog bone on the other. As the clamping setup would
apply a compression force proportional to the tensile force, the wire was not embedded to the
other side as this compression force could aid in holding the wire within the part. Samples were
prepared using the following methods in batches of ten: press fit wire in printed channels, press
fit in machined channels, ultrasonic energy in printed channels, ultrasonic energy in machined
channels, and ultra-sonic embedding on a flat surface. Testing revealed the difference in bond
strength between the different bonding methods to be negligible. Though the ultrasonic energy
encapsulates the wire within the substrate using physical and thermal energy, the print process
causes the same effect of thermal encapsulation as the bonds from each layer melt into one
another. These tests informed the design criteria for a proof-of-concept tool that would use only
physical force to press wiring into premade channels across the surface.
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3.2

Wire Placement Tool

Pneumatic Cutter

Spring Cavity
Exit Orifice

Cutter Slot

Figure 2: Wire Placement Tool
This wire placement tool (Figure 2) was developed as an alternative to the ultrasonic
embedding tool with an emphasis on simplicity to ease manufacturing through multiple
iterations. It was made using mostly parts printed in polycarbonate to expedite its development
with the only metal parts being the cutting mechanism and the aluminum tip. Though this wire
laying tool was a significant detour from the tool that eventually became the subject of this
paper, much was learned in its development that was later applied to the final tool.
One of the design criteria that was applied to the final tool was the spring-loaded head
that allowed for the application force to be tuned using the Z-axis motion on CNC which proved
advantageous in reducing surface shear forces during traverse movements but also in
accommodating for surface irregularities. The tip of the tool in contact with the surface of the
part was made using Delrin to reduce the perpendicular frictional force that would be affecting
the tool. Though the tip preformed as anticipated and would drastically reduce deflection in the
tool, the tips would ultimately wear away and deform after each use until it became uneven and
would cause the wire to wander off course or jam. A 6061-aluminum tip was then retrofitted for
the same application, but the same problem persisted.
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The copper wire running across the edges under force would eventually lead to ridges in
the tip that caused problems when trying to make turns. Eventually a grade 2 titanium tip was
fitted to mitigate wearing but still the tool struggled with wire placement on long radiuses and
sharp turns. Grade 2 was selected for its corrosion resistance and hardness being higher than that
of aluminum while lower than that of higher grades if titanium and stainless steel. This lower
hardness was desired to aid in manufacturing as the small 1.5mm drill bits used to create the
inner orifices were prone to breaking. This tool worked well when laying wire in straight
sections and moderate angle less than 75 degrees but proved to be unreliable when used on long
curves and 90 degree turns. This tool relied almost exclusively on the tolerances of the channels
being ±0.0508mm of the given wire diameter so there could be a tight press fit that would draw
the wire through the tool and hold it in place for turns. Even on simple designs with straight
lines, the press-fit method was prone to failures and inconsistencies which only worsened with
the implementation of curves and sharp angles. With a high failure rate on the parts like those
shown in Figure 4 the tool was scrapped in pursuit of a new design. It was here that the idea to
use ultrasonic energy was reintroduced as a means to address the issues highlight above.

6061-aluminum

wear from
copper wire

grade 2 titanium

Figure 3: Wire placement tool tips (left), 6061-aluminum ultrasonic horn (right)
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wire slipping in
channel

wear from
copper wire

Figure 4: Large radius where press-fit failed (left), wire slipping in channel causing it to be drawn
into the part (right)
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Chapter 4
Tool Design
Overview
The work outlined in Chapter 3 influenced the ultrasonic tool design and process. The
struggles and shortcomings of the wire placement tool were considered and methodically
addressed in each subsystem of the ultrasonic embedding tool. Reliability and repeatability,
although not measured in this work, were the design priorities because if the tool and process
were to fit within a larger system, they must be able to consistently perform and complete their
task when needed. A general view of the CAD can be found in Figure 5 with a photo the finished
product in Figure 6. A number of adjustable components were included into the tool that would
alter the embedding process. As the embedding process was being investigated, it was
hypothesized that different materials would require different process parameters in the form of
power levels applied, pressure to the surface, and pulse length control.

air cylinder

main shafts

load cell

Secondary shaft
slides

arduino and
motor drivers

transducer

ultrasonic horn

wire feeder
assembly

Figure 5: CAD of complete gantry assembly
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Power, air, and signal
transmission harness
alignment optics

laser soldering
system

Figure 6: Finished ultrasonic embedding tool mounted on CNC gantry

4.1

Ultrasonic horn and Power Supply
When reintroducing ultrasonic energy, the same power supply, transducers, and horns

from previous work were used. This system utilized a Dukane IQ 20HB120 power delivery
system, 20 kHz transducer (model 110-3122), and titanium ultrasonic horns. Aluminum horns
have been used in the past, but like the aluminum tips used in the wire placement tool, the
aluminum horns would begin to wear in an uneven pattern, which required resurfacing regularly.
If resurfaced too often, the harmonic frequency of the horn was altered because of the length
reduction. Titanium horns were purchased with replaceable tips to reduce the amount of
maintenance required and make it possible to change out tips when needed.
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The horn used in the final design was drilled from the side to the center so wire could be
fed through them by the wire feeding system. The modification shown in Figure 7 caused
concern because any change to the geometry of the horn can result in alterations to the harmonic
frequency. The harmonic frequency of the horn was checked using Autodesk Fusion 360
simulation software and then verified physically using an Agilent 33120A frequency generator
and Fluke PM3380B 100Mhz Combi scope. The power delivery system worked with horns in
between 19.5 and 20.5 kHz. Anything outside this range can cause damage to the power supply
and the transducer.

Wire feeding rollers

Internal Orifice

Cutting Mechanism

Ultrasonic Horn

Figure 7: Copper wire path
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4.2

Gantry Mount
The need for a mechanism to adjust for the pressure applied to the surface and to account

for surface irregularities was identified in the early design stages of the ultrasonic tool. The
concept of a floating assembly was taken from the wire feeding tool; however, accuracy and
consistency were of the utmost importance, so special care was taken to improve the design by
increasing the rigidity of the assembly. The gantry mount has 2 degrees of freedom built into it.
The main slides are 16mm stainless steel tight tolerance rods on roller bearings with a 2-way
25mm diameter air cylinder mounted between them. This section of the mount serves to move
the tool out of the working area so the laser soldering system and machine spindle can be used
while also applying a set amount of preload in the other direction when embedding wire. This
preload is tuned using an air pressure regulator and can have a large influence on the amount of
deformation the horn induces on the surface of parts. The second section of the mount utilizes
another set of 12mm stainless rods and roller bearings to suspend the ultrasonic horn and allow
the forces generated during wire embedding to be translated to the load cell.
Main Slides
Secondary Slides
Air Cylinder

Fixed to CNC
gantry
Figure 8: Gantry assembly
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4.3

Load cell
To gain a better understanding of the forces being applied to the surface of parts while

embedding wire, a load cell was implemented into the design. The load cell was an Omega LowProfile 45Kg rated unit that was excited and read by a National Instruments 4-Channel Analog
module. Data from the load cell was recorded at 2500hz through LabView. The load cell was
also intended to be used for indexing to the part’s surface to the tip of the ultrasonic horn and
detecting large defects on the surface of parts. The low threshold of the load cell makes it more
accurate at lower loads and allows it to fit in a smaller chassis.

center mount where force
from horn and transducer is
transferred to
peripheral bolts that transfer
load to gantry

Figure 9: load cell CAD
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Load Cell stops
travel of
secondary shafts

Floating
freely on
secondary
shafts

Force to
load cell
Force to
air
cylinder

Force to
transducer

Secured to
Gantry

Figure 10: Forces transfer through assembly

4.4

Wire feeder
The cutter in the initial wire laying tool suffered from frequent jams due to the free space

the wire would have to traverse where the air powered blade was inserted. Alternatively, the
cutter for the ultrasonic embedding tool used a single shear point between a steel rotor and
cutting block. Wire is fed from the spool into the rotor which is actuated using a NEMA-11
stepper motor which allows accurate indexing of the two holes during wire feeding and to
prevent the wheel from overturning and severely distorting the wire.
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tensioner

cutting mechanism

feeder motors

cutting block
cutting rotor

Figure 11: Wire feeder assembly

The cutter itself needs to be as close to the exit orifice as possible so as not to limit the
minimum length of wire that could be embedded or leave excessive lengths of wire when putting
down short paths. The shortest length of wire is limited by the distance between the cutting edge
and the section underneath the ultrasonic horn before embedding. In order to account for any
variance between the rotation speed of the motor and the CNC gantry, a one-way clutch style
roller bearing was retrofitted to the shaft of the DC motor, allowing the motor to feed wire when
needed but also allowing the wire to be pulled through when the motor is stationary or feeding
slower than the needed rate. From the cutting block, the wire enters a hypodermic stainless-steel
tube that then guides the wire to the exit orifice of the ultrasonic horn.
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shear point

Figure 12: Wire Cutter Assembly
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4.5

Tool Control
The ultrasonic embedding tool is mounted to a Techno CNC (Model LC 3024) router.

Movement, application of ultrasonic energy, wire feeding, and wire cutting are coordinated using
G-Code and the IO’s on the CNC machine’s controller. The wire cutter was controlled using an
Arduino to interpret the CNC commands and move the DC and Stepper Motor using two
separate L298N H-bridge motor drivers. Lastly, a macro-optics system in the onboard laser
soldering system eliminated issues with zeroing of the CNC gantry with the part.

arduino

L298 H-bridge

Figure 13: Arduino and H-bridge mount
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Chapter 5
Methodology
5.1

Experimental Setup
In this research, the optimization of ultrasonic wire embedding parameters was performed

on ME-printed parts printed in PC using an FDM 400mc printing machine (Stratasys, Eden
Prairie, MN); the embedding process used 24-gauge copper wire. Parts were printed in each
system and then transferred to a CNC router (Techno CNC Systems, Ronkonkoma, NY) where
wire embedding takes place. A G-code was made to direct the movement, speed, and application
of the ultrasonic energy through the Techno-CNC router interface. As each part is loaded into the
CNC router, the 3-axis are zeroed using an onboard imaging system and other points are also
cross referenced during the zeroing process to verify alignment with the CNC router gantry. The
zero point coincides with the G-code set up and is set for a clearly distinguishable feature of the
part.

dial Indicator for
leveling samples

vacuum plate

ultrasonic horn
aligned with
traces

Figure 14: Testing Setup
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5.2

Parallelism
Before each test, the build platform was adjusted with reference to a dial indicator

mounted on the CNC gantry to ensure parallelism of the build platform and the gantry. In an
automated system, the use of a dial indicator could prove time consuming as every part will need
to be checked before embedding, and if a heated build chamber is being utilized, like in the case
of PC and ULTEM 9085, a dial indicator could be damaged by the heat. During this experiment,
the edges of the sample were checked and recorded using the dial indicator and then the tool was
zeroed on the top left corner and moved to the same zero position on each corner to detect
differences in force being applied to the horn. The same pre-load distance of 0.127mm was used
at each corner to correlate the dial indicator measurements with the forces reported by the load
cell.

5.3

Dynamic Loading
Feedback form the load cell was also used to analyze the effects of the frictional force

being applied to the tip of the ultrasonic horn during movement across a surface. This test is
crucial to understanding where the force readings at the load cell are coming from and what
effects these forces have on the assembly and readings. Flexing of the ultrasonic tool assembly
due to frictional forces are of concern during embedding as the initial preload could be altered
during movement and lead to a disconnect between the expected and actual embedding results.
Even though the frictional forces are expected to be small, the long cantilever the tool forms
against its mount multiplied them greatly. During this test, the ultrasonic horn was placed on the
surface without a wire at the same 0.127mm preload distance and then moved across the surface
in the same motion that would be used in the embedding process, moving in 6.35mm increments
with 0.5 second pauses but with no ultrasonic energy application.
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5.4

Power Amplitude
The Dukane power supply has the ability to vary amplitude of the transducer input

frequency from 20% to 100%. This power was varied from minimum to maximum in increments
of 20% at different locations on a PC panel with zero preload and the air cylinder pressure of 2
Bar. Power was then applied at each setting and then measured using the load cell. Zero preload
was used in this test so that only the force generated by the ultrasonic horn would be accounted
for.

5.5

Preload and Air Cylinder Pressure
The air cylinder was implemented for use as a variable spring and its influence upon the

preload force was investigated by varying the pressure within it in 1 bar increments from 1 to 4
and moving the tool to the same preload position. The same preload of 0.127mm was utilized in
this test with an amplitude of 60%, and no wire being embedded.

5.6

Embedding PC
In this test, 26-gauge wire was embedded on a PC sample containing pre-printed channels

using a 0.127 preload, 2 bar cylinder pressure, 0.5 second pulse length, and 60% amplitude. The
sample was checked first for parallelism between it and the tool. A G-code was made to ensure
that the movement and application of ultrasonic energy was consistent from trace to trace.

5.7

Channel Dimensions and Peak Force
The difference in these trends was initially thought to be due to the varying tolerances of

the channels that was also an issue with the early iterations of the wire placement tool. To aid in
understanding the embedding process, samples were printed, and their channel widths were
measured using a OGP Smart scope Flash 250 at 6.27mm increments across the part so these
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tolerances could be correlated with the spikes in the embedding graphs. After being measured,
the parts were then embedded with the same movement pattern used in previous tests.

5.8

Variable Pulse Length
Minimizing damage and force applied to the part was a key interest so multiple tests were

conducted where the length of pulses was varied using G-code in 0.1 second increments from 0.1
to 0.5 seconds while using a preload distance 0.127mm, 2 bar cylinder pressure, and a power
amplitude of 60%. This test also helped to understand what events were happening during
embedding and where they were happening within the graphs. The parts were visually monitored
during testing to verify if successful embedding had occurred and the results are marked with a
pass or fail.

5.9

Embedding ULTEM 9085
The majority of testing was conducted on PC as it is the material most commonly used in

our lab. It was then speculated whether the information gathered from the PC embedding tests
could be applied to other materials. The question was whether the embedding preload, power
amplitude, and cylinder pressure parameters would need to be changed from material to material.
To compare results, the same process parameters used in the PC tests were applied to five
ULTEM 9085 samples using the same 0.5 second pulse length, 0.127mm preload, 2 bar cylinder
pressure, and 60% power amplitude.

5.10 RC Demonstration Circuit
During this test, 6 samples were constructed: 3 circuits in series and 3 in parallel to
investigate how effective the ultrasonic embedding tool is when working in conjunction with the
laser soldering system onboard the CNC. Both circuits included a 0603 package 51ohm resistor
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and a 100nF capacitor. The series circuit contained one wire trace with two 90 degree turns and
the parallel circuit had another trace that bridges the two ends of the wire within the part. On the
parallel circuit, the bridge wire was laid on top of the main wire in order achieve reliable contact
between the two wire sections, making soldering in the next step easier. Underneath the main
wire at the junction point there was a pocket of empty space in the substrate part to allow for the
displacement of the main wire, otherwise the soldered ends would be above the printing plain
and could come into contact with the print head. In this process, the parts were printed within the
FDM 400mc and it was set up to pause the print which stops the print just after the channels are
finished. The build plate was then removed using our Multi-3D Foundry System and placed into
the Techno CNC. The ultrasonic wire embedding tool then laid down the wire, after which
cavities were machined through the wire and into the substrate. The machining process is done to
ensure there are no gaps between the wire and the component so heat can be evenly distributed
between the wire and component during laser soldering. The components were then inserted and
soldered in place. Lastly the build plate was moved back to the FDM 400mc and the print was
resumed to encapsulate the wire and components.
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Chapter 6
Results
6.1

Parallelism Test
Positino 1 was used as the zero point, position 2 was then checked and shown to be

0.01mm lower, position 3 the bottom right corner when checked using a dial indicator being
0.08mm higher than the zero point, and position 4 was 0.04mm lower than the zero. After
zeroing the tool, it was moved to each position. The high corner and low corner were clearly
differentiated based on the forces reported by the load cell and can be seen in Figure 15. Position
1 and 2 are essentially the same with a force of 71.7 and 70.1 newtons. Position 2 the higher
corner shows a force of 74.0 newtons, being the highest corner, while position 4 is the lowest at
67.6 newtons. Even though a clear correlation between the force applied and increments on the
indicator were not observed, the feedback from the load cell was still used as a method to detect
large shifts in the setup that could affect parallelism. These slight variances were also thought to
be connected with clearances within the gantry mount which could cause loading to vary
slightly.
71.7N

1.

70.1N

2.

74.0N

67.6N

3.

4.

Dial indicator readings
1.) 0mm
2.) -0.01mm
3.) +0.08mm
4.) -0.04mm

Figure 15: Force recorded at each corner of the sample
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6.2

Dynamic Loading Test
Flexing of the assembly was visually observed in this test. In Figure 16, the peaks in

force are movement and the dips are at the pauses. The data from this test gave an understanding
of how great the frictional forces on the tip of the horn are and how they are transmitted to the
load cell. Even though the frictional forces between titanium and polymers are considered
relatively small, the large cantilever arm they are given, due to the design of the tool, are greatly
amplified resulting in considerable flexing of the assembly. The flexing, represented in Figure
17, can be observed in the peaks of the graph where the ultrasonic horn is being canted sideways
up into the load cell. This movement is thought to be linked to the clearances between the main
and secondary shafts with further movement being allowed by the less rigid PC components that
hold the transducer.

Figure 16: Dynamic Force Test
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This representation in Figure 17 is meant to demonstrate the flexing occurring during movement.
The dynamic test was performed with no wire in place and this issue of flexing was anticipated
to become worse with the wire in place as the wire will only be underneath one side of the horn
during embedding.

Figure 17: Representation of tool flexing while embedding
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6.3

Power Amplitude Test
The changes in power can be seen here in Figure 18 varying from roughly 2 newtons of

force at 20% to around 20 newtons at 100%. The frictional forces shown in the previous test are
directly related to the normal force being applied to the surface during embedding. Since 0
preload was used in this test, an indication is then given of how the ultrasonic horn is extending
past the zero mark. From this data and that of the movement test, it can by hypothesized that
there is a combination of a small preload force and large power amplitude that could be utilized
to decrease the frictional force on the tip while still providing adequate embedding but further
testing will need to be done and improvements to the gantry will need to be made first.

Figure 18: Amplitude Comparison
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6.4

Preload and Air Cylinder Pressure Test
The primary issue with the gantry is the clearance stack up in the components that

becomes more apparent the more the force applied to the end is. A discernible difference in force
can be observed in the results shown in Figure 19 and but the clearance stack up of the assembly
becomes apparent as there is not a linear trend in the change between preload forces. The force
being higher at 1 bar than 2 bar shows just how much the tool is flexing under load, with 40
newtons of force being applied at 1 bar and then a drop in force to 40 newtons at 2 bar. Since the
tool is flexing in a sideways motion, the tip seems to be sliding under the higher force of 2 bar.
Once it slides, the length of the tool effectively increases reducing compression on the air
cylinder and the force on the loadcell. The clearances are then taken up by 3 bar as the tool stops
sliding. There is a small increase in force from 3 to 4 bar but whether or not this is accurate is
unclear as the polymer components of the assembly could be flexing at this point as well.

Figure 19: Cylinder Pressure Comparison
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6.5

Embedding PC Test
The data in Figure 22 reveals a noticeable difference in the energy required to embed at

the beginning and middle of the traces. The repeatability of this occurrence was then investigated
by embedding traces with the same preload and movements as previous experiments on the same
coupon four times. The first pulse of the embedding is noted as having distinct differences when
compared to the center of the coupon. At the start of the trace, the horn rests atop the wire which
is partially outside the channel and from this point on the wire will already be half embedded as
there is a 6.35mm overlap of the horn with the previously embedded position. The same
inspection was then carried out at the rest of the part with four traces being laid down and
recorded. The peak force in these tests shows the first pulse to be consistently higher than those
of the middles pulses though a key distinction is the delta between the initial peak force which is
much higher in the center of the sample. There was concern that the results of further testing
would be inconsistent due to the clearance stack up of the assembly but since the forces during

Figure 20: First Pulse of Embedding on PC
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embedding much greater than that of the previous tests, it appeared that the clearances were fully
collapsed during the majority of the test.

Figure 21: Embedding Pulse at Center of Trace on PC

Figure 22: Comparison of first and center pulse on PC
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6.6

Dynamic vs. Embedding Forces
Here the PC embeding test data is compared to the data from the dynamic test. At the

start of the test, it can be seen that preload force starts much higher. The higher initial force is
due to the wire being only partially sunk into the pre-printed channel and resting between the
horn and the substrate. The wire was not present during the dynamic movement test. In Figure
23, each dip in the embedding line is where movement across the surface is taking place.
Conversely, the peaks in the dynamic test are where movement is taking place. During these
tests, it was visually observed that during power application the horn would move back to a
vertical position from its canted position. The dips in the embedding graph are decreasing as the
tool moves, showing how the tool effectively “elongates” when moving from a vertical to a
canted position and is then reset back to vertical at every pulse application. Since the tool remain
canted throughout the dynamic test, force is being directly transferred to the load cell during
movement.

Figure 23: Dynamic Movement Test vs. Embedding on PC
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6.7

Channel Dimensions and Peak Force
Channel width and peak force were correlated based on their position in this test. After

the test was completed it was shown that there was no clear correlation between the width of the
channel and the force being generated at the horn. From the data it would appear that the channel
tolerances are relatively consistent but they car vary greatly over distances smaller than what was
measured here. Wide and narrow points can appear regularly and were known to have large
effect on the wire placement tool, but it is not clear that they have any effect on the ultrasonic
wire embedding process.

Figure 24: Average Force vs. Average Channel Width
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6.8

Variable Pulse Length
During these tests, pulse lengths below 0.3 seconds did not secure the wire properly at the

start. Extra increments were added between 0.2 and 0.3 seconds to further investigate the length
of pulses with an additional testing being done at 0.25 and 0.27 seconds which both failed. From
these results it was determined that the delta from the peak of the pulse to the resting position
could be used as a measure of the degree of embedding. A greater delta is an indication that there
is a reduction in the preload force and thus the wire, sitting between the horn and surface, will be
further into the substrate.
In Figure 26 the 0.5 second and 0.3 second pulse tests are compared from the first pulse
to the middle of the coupon. The first pulse is nearly identical at the start, but they diverge away
from one another after 1.1 seconds. The 0.3 second pass based on the lower peaks in force
imparts less energy into the substrate and still successfully embeds. The resting state between
pules for the 0.5 second pass is lower than the 0.3 but the 0.5 pass starts with a lower initial

Figure 25: Variable Pulse length Tests
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preload force which will generally shift the graph as a whole. A notable difference between the
resting states is the inconsistency of the 0.3 second pass resting state. The shallow valleys are
reminiscent of the failed passes below 0.3 seconds and may be an indicator of marginal
embedding. At this power level and preload, there may a more optimal pulse length between 0.3
and 0.5 seconds that could remove the inconsistent states and reduce the force imparted into the
substrate.

Figure 26: 0.5 second pulse vs. 0.3 second pulse
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6.9

Embedding PC vs. ULTEM 9085
The first pulse for each material was very similar at the start of the pulse following

almost the same form, but the force applied to the surface differs towards the end where the
ULTEM 9085 carries a higher load for a longer duration. The pulse length in these tests is 0.5
seconds and Figure 27 highlights how the PC sample drops in force sooner and to a lower point
meaning that the time to embed and force required to embed ULTEM 9085 are higher than that
of PC. In the middle of each sample the same trend can be seen again; the curves mirror one
another almost exactly, but the ULTEM 9085 curve has a higher peek and average force and
maintaining a broader form that expands the entire 0.5 second pulse time. From the data gathered
through the variable pulse it was established that the delta between the peak force and the end of
the pulse could be used as an indicator of the degree of embedding. It can be seen in Figure 27
that ULTEM 9085 does not drop in force from the peak to the end to the same degree when
embedding meaning that more power, a longer pulse, or a greater preload may be needed when
wire embedding ULTEM 9085.

Figure 27: 0.5 second pulse at start

46

Interestingly in Figure 28 the curves of embedding on ULTEM 9085 and PC follow one
another very closely but the ULTEM 9085 curve is shifted upwards. This is another sign that
UTLEM 9085 is resisting embedding. In all the tests, delta 2, the drop from the start preload
force to the resting position in between pulses was not as large as the delta 2 of PC.

Figure 28: 0.5 second pulse at middle
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Photos in Figure 29 show the results of the wire embedding tests. The wire in the PC
coupon, where there was a lower resting position between pulses, has a waved form where the
wire is embedded in further at periodic sections. These waves are thought to be due to the flexing
of the tool during the embedding process. As the horn is used as a cantilever to create the flexing
movement show in Figure 17, one side of the horn is forced into the substrate creating an
imbalance in force across the tip of the horn, effectively increasing preload on one side and
lessening preload on the other. On the ULTEM 9085 sample, the wire had a much more subtle
waving pattern, and the wires were noted as protruding slightly from the surface. This visual
inspection was another indication that different materials will require different process
parameters as the wires from the ULTEM 9085 tests could come into contact with the print head
and cause a failure on the next build layer.
waves of wire below
and above surface

long expanses of wire
raised above the surface

Figure 29: PC embedding sample (left), ULTEM 9085 embedding sample (right)
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6.10 PC and ULTEM 9085 Embedding Statistics
From the five ULTEM 9085 traces and four PC traces, hypothesis tests were performed
to investigate how the first and middle pulse of PC and ULTEM 9085 compared to one another
in terms of the time to embed, the force delta from start to peak, and the force delta from the start
to beginning. All distributions were also checked using a Quartile normality test, their correlation
with the expected results represented as a percentage in the tables. Results from these tests can
then be compared and a determination can be made on whether or not the results of each can be
considered the same based on how close the results are to one another. Based on the previous
tests, it had been found that there are 3 stages to the embedding process. The first stage is the
starting plane which in the case of the first pulse is a function of the preload force and the wire
outside the channel. The second stage is the peak plane where the wire is being embedded and
the surface is deformed. The peak plane is then followed by a drop in force that can be best
observed in the pulse test curves (see Figure 25) and in the PC vs. ULTEM 9085 curves (see
Figure 27). In pulse length tests, this dip is present in all the successful embedding attempts and
1st Stage

2nd Stage

Time to Embed

Figure 30: Stages of Embedding
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3rd Stage

can be identified as the point at which the wire is fully embedded, and the substrate is
sufficiently deformed around it. The final stage of the embedding process is the resting position
which is a function of how much energy is input into the part during the embedding process. If
more energy is input into the surface it will be more deformed and be physically lower, resulting
in less force input to the loadcell. The middle pulse has the same three stages with one key
difference. In the middle pulse, the starting plane force is determined by the third stage resting
point of the previous pulse. The mean, standard deviation (SD), variance, and coefficient of
variation (COF) were calculated for the delta of the force between the 3 stages of embedding.
Table 1: Time to Embed Statistics
Frist Pulse
Middle Pulse
ULTEM
ULTEM
PC
9085
PC
9085
Mean
0.357
0.406
0.272
0.253
Std. Deviation
0.020
0.037
0.008
0.022
Co. Variation
5.724
9.167
3.042
8.769
Variance
0.00056 0.00173 9.167E-05 0.00062
Norm.(correlation)
0.99
0.90
0.99
0.97
Observations
4
5
4
5
t Stat
2.215
-1.550
P(T<=t) two-tail
0.068
0.181
t Critical two-tail
2.446
2.570

Time to embed, which is equivalent to the length of the 2nd stage of embedding, was the
first criteria to be compared. The sets of data from the first pulses differ as each has a lower
COV, PC being 5.72% and ULTEM 9085 being 3.04% while the middle pulse COV is 9.16% for
PC and 8.76% for ULTEM 9085. When comparing the mean value of the PC vs. ULTEM 9085
at the first pulse and middle pulse, they are very similar, all within 0.2 seconds of one another.
Two-tail hypothesis tests were performed with a null hypothesis that the results of PC and
ULTEM 9085 at the first and middle pulse would be the same at a confidence level of 95%. The
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probability number for the first pulse test came out to 6.9% and the middle pulse at 18.2% and
both the t-statistics were below t critical, though traditionally the p-values would need to be
below 5% to reject the null hypothesis. When these observations are looked at in light of the
pulse length tests, where even 0.03 seconds can mean the difference between failure or success,
even the higher probability number of the middle pulse test does not seem to indicate that the
results are the same. These statistics seem to be a strong indication that the embedding time for
ULTEM 9085 is different at both stages of embedding and will require different process
parameters to shorten the time to embed. Making the embedding time for ULTEM 9085 shorter
can be advantageous in an automated production setting as it will reduce production time and
lessen the length of time the part is subjected to ultrasonic energy and it seems here that ULTEM
9085 will require alterations to the process parameters in order to shorten the time to embed.
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Next the delta in force between the different stages in the embedding process were
compared. The first delta gives an indication of the amount to shock the part is receiving upon
the engagement of ultrasonic energy and the second delta was shown by the pulse length tests to
be a indication of the degree of embedding. Reducing the first delta and increasing the second
delta is then the overall goal.

1st Stage

2nd Stage

3rd Stage

Delta 1
Delta 2
Delta 3

Figure 31: Force deltas during embedding

Table 2: Delta 1 Statistics

Mean
Std. Deviation
Co. Variation
Variance
Norm.(correlation)
Observations
t Stat
P(T<=t) two-tail
t Critical two-tail

Frist Pulse
ULTEM
PC
9085
66.32
66.50
1.95
3.61
2.94
5.43
1.69
1.21
0.98
0.90
4
5
-0.08773
0.93295
2.45
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Middle Pulse
ULTEM
PC
9085
101.75
144.49
4.51
6.99
4.43
4.84
0.031
1.15
0.90
0.89
4
5
-9.8088819
2.429E-05
2.36

Delta 1, the difference between the starting state force and peak force was compared at
the first pulse and middle pulse first. The COV for all the tests are below 5% and a slightly larger
gap between the first pulse results at 2.9% for PC and 5.4% for ULTEM 9085. The same
hypothesis test was performed, with a null hypothesis that the results would be the same, and for
this set of data which was rejected for the middle pulse and affirmed in the first pulse. The
probability value in on the first pulse for delta 1 is 93.2% meaning the values from each test are
virtually the same. The first pulse at delta 1 is unique to the embedding process because at this
point the horn sits atop the wire and does not contact the surface and thus it should be the same
regardless of material for a given preload. However, in the middle pulse where half of the horn is
in contact with the surface and the other in contact with the wire, the material characteristics are
more apparent. ULTEM 9085 here mirrors what would be expected from a stronger material,
requiring a higher force to embed consistently.

Table 3: Delta 2 Statistics

Mean
Std. Deviation
Co. Variation
Variance
Norm.(correlation)
Observations
t Stat
P(T<=t) two-tail
t Critical two-tail

Frist Pulse
ULTEM
PC
9085
116.37 113.83
10.97
12.12
9.43
10.64
1.67
1.91
0.85
0.92
4
5
0.29
0.78061
2.36
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Middle Pulse
ULTEM
PC
9085
103.18
160.93
4.64
10.04
4.50
6.23
0.29
1.30
0.85
0.99
4
5
-10.15
5.32E-05
2.45

Delta 2, the difference between the peak force and the resting position was shown to have
COV below 10% for the first pulse and in the range of 5% at the middle pulse. The null
hypothesis that the results would be the same was affirmed at the first pulse again and rejected at
the middle. Delta 2 is of particular importance as this difference is used to dictate the degree of
embedding. The values being the same at the first pulse is still of little surprise as the horn
spends a small amount of time in contact with the material at this phase. At the middle pulse it is
again shown that different process parameters are indeed needed to increase the degree of
embedding on ULTEM 9085. In terms of percentages, the delta between the peak of ULTEM
9085 is on average 6% lower than that of PC.

Table 4: Delta 3 Statistics
Frist Pulse
ULTEM
PC
9085
Mean
50.06
47.33
Std. Deviation
11.03
9.63
Co. Variation
22.0432 20.3563
Variance
1.686
1.205
Norm.(correlation)
0.94
0.92
Observations
4
5
t Stat
0.34
P(T<=t) two-tail
0.744
t Critical two-tail
2.45
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Middle Pulse
ULTEM
PC
9085
1.50
16.43
1.497
9.42
100.13
57.2968
0.031
1.151
0.89
0.97
4
5
-3.12
0.035
2.78

Delta 3, the change in force before and at the start of the next pulse, was the final
comparison made. Two details that are very different in these results when compared to the
others are the much lower mean and much higher COV. The COV for the first pulse are 22.04%
for PC and 20.35% for ULTEM 9085 while at the middle pulse they are 100.13% for PC and
57.29% for ULTEM 9085 which is unusually high. Earlier the distinction was made that delta 2,
the drop from the peak to the resting state, could be used as a measure of the degree of
embedding. Initially it was thought that the degree of embedding could be defined using delta 3
but these results highlight some inconsistencies in the process when looked at as a whole. For the
middle pulse, the main issue is the variances in channel width. When the horn is bought down on
top of the wire, it will be pressed into the channel to a certain degree just by force based on the
width, and the width of that channel will vary from channel to channel and sample to sample
making the initial preload force vary as well. The issue with the middle pulses is different for
each material. For PC it should be noted that relative to the other deltas, the change in force on
PC is extremely small at a mean of just 1.50. So even with a standard deviation, the change in
force from the highest and the lowest is actually a very small amount of force. The issue with the
results at the middle pulse for ULTEM 9085 is related to what was seen in the pulse length tests
and pointed out in the results of delta 2, the wire is not being embedded properly. In the pulse
length tests, it was shown in Figure 26 that the rest states of a 0.3 second pulse, where
embedding was borderline successful, varied widely, here we are seeing the same issue. Based
on all the previous data and from a visual inspection, the ULTEM 9085 requires a greater
amount of energy and different process parameters to achieve the same degree of embedding as
PC and this can be clearly seen again in this high COV.

55

6.11 RC Demonstration Circuit
The ultrasonic embedding succeeded in anchoring the wire sufficient so that no wires
came out of place during the machining stage. The construction of the circuit highlighted some
of the benefits of using ultrasonic wire embedding when compared to the wire placement tool
that utilized a press-fit between the wire and the channel. The press-fit had to be of perfect
dimensions otherwise the wire would slip out of its position, especially around 90-degree
corners. All samples showed appropriate continuity across connections after soldering and there
were no issues with delamination that can occur due to surface irregularities.

Figure 32: Machining cavities
In Figure 32, the machining process can be observed. This step is easily carried out as the offset
between all the onboard tools is known before hand, meaning the gantry only must be zeroed
once and then the entire process can be carried out. Machining the cavities through the wire also
helps eliminate issues with indexing the wire to components and allows the use of much smaller
components.
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Figure 33: Laser Soldering

As it is now, the electrical components must be placed by hand but a pick and place system is
being developed. The laser soldering step is by far the lengthiest as generating a sufficient
amount of heat can be time consuming. A solder dispensing system is also in development to
furth automate the process.

Figure 34: Finished samples
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Chapter 7
Discussion
This research fits within the scope of larger projects and processes yet to be developed. It
is a stepping stone on the way to more complex parts and methods that will help to expand the
potential of the growing AM industry in both comercial and defense applications. Many
companies in the defense industry have already expressed intrest in advanced manufacturing as a
means to produce final one-off parts, support legacy systems where OEM parts are no longer
available, and to rapidly sustain vehicles in offshore locations where replacment parts are
difficult to obtain. In the future, it is the intent of the W.M. Keck Center to combine the
ultrasonic wire embediding tool within the frame of a larger system, with a multi-axis print
platform and heated build enviorment called the All-in-One that will utlitzle ultrasonic wire
embedding alongside other processes to create more advanced parts with higher accuracy and at
higher speeds. The multi-axis print platform gives the All-in-One a unique set of capatbilites
which lead to an interset in using the ultrasonic embdding tool to lay wire onto vertically printed
expanses. The challenge of vertically printed expanses is not only the coordination of the
movments in the system, but reducuing the forces that will be applied to the part during the
proccess. AM parts are only held in place by their own adhesion to the build plate, and in this
case, the build plate is held by vacuum, and these means of retention could easily be overcome
by the forces of the utlrasonic embedding tool if embedding is done incorectly. In the future, a
more extensive sutdy of the ultrasonic embeding tool’s forces must be conducted, exploring the
many possible combinations of power, pressure, pulse length, and movement speed. But before
these tests can begin, some work must be done to increase the regidity of the tool and eliminate
the uneeded forces that are created during the flexing of the tool. Reducing the overall size of the
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tool could also aid in reducing flexing and be done by exploring smaller ultrasoninc horns and
transducers. There is also the possibility of coorelating material properties with data from
embedding in order to help find process parameters at a faster rate when embedding on new
materials. The cooralation of mateirla properties and embedding forces howerever will require
much more data than what is represented in this work to establish a strong coorelation. In the
future when the ultrasonic embedding tool is combined with the All-in-One system, the merging
of these projects will represent years of research and effort to deleiver a first of its kind process
that will present countless new opportunities.
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